The crevice corrosion resistance in high chloride and high acidic solution at high temperature in Ti-15Mo-5Zr and Ti-15Mo-5Zr-1Fe alloys and the tensile properties at ambient temperature in Ti-15Mo-5Zr-1Fe alloy were investigated in this study. The crevice corrosion resistance in Ti-15Mo-5Zr alloy with a Mo equivalency of 18.2 mass%, which was previously reported to show a combination of the high yield strength and the significant uniform elongation, was almost twice as high as that in Ti-15Mo alloy when the bond order (Bo) increased from 2.8126 to 2.8232. A linear correlation between the crevice corrosion resistance and the Bo was confirmed in the Ti-Mo base alloys with the Bo between 2.7900 and 2.8232. Although the high crevice corrosion resistance, Ti-15Mo-5Zr-1Fe alloy with a Mo equivalency of 21.2 mass% showed high yield strength but negligible uniform elongation due to the deformation by dislocation slip. This study suggested that the two parameters of the Mo equivalency and the Bo are useful for an optimization of strength, ductility and corrosion resistance in Ti-Mo base alloys.
Introduction
Titanium and its alloys are widely used as the structural materials due to their good mechanical properties and high corrosion resistance. However, they are susceptible to corrosion attack when exposed to highly acidic environments at high temperature. 1, 2) To overcome this drawback, enhancement of the stability of the surface oxide film has been paid much attention through adding the noble alloying elements such as Pd and Ru. [3] [4] [5] Meanwhile, it has been reported that titanium alloys with sufficient content of Mo provides the high corrosion resistance. [6] [7] [8] [9] Nishimura 8) found that a Ti-15Mo alloy (mass%), which was developed in the 1950s as a corrosion resistance titanium alloy, 10) exhibits an extremely high corrosion resistance in highly acidic solution at 373 K, which is able to against the crevice corrosion in seawater at the high temperature. However, this alloy shows a low yield strength in the as-solution treated condition because of its deformation by f332gh113i twinning. 11, 12) If the yield strength of this alloy can be improved along with its high corrosion resistance, it will be a desirable structural material using in sever corrosion environments such as chemical plants, oil well tubes and offshore structures instead of Ru-or Pd-bearing titanium alloys.
It is well known that the tensile properties of titanium alloys depend significantly on the deformation modes, [13] [14] [15] i.e. f332gh113i twinning and dislocation slip, which are sensitive to the phase stability. The twinning occurs in the alloys with low phase stability and leads to the low yield strength and large uniform elongation, while the slip occurs in the alloys with high phase stability and leads to the high yield strength and negligible uniform elongation. From an engineering point of view, a coexistence of high strength and large uniform elongation is crucial to ensure good formability under complex loading conditions.
In the previous study, the present authors 16) found that a combination of the above-mentioned twinning and slip deformation modes is an effective for achieving the high yield strength and large uniform elongation in Ti-10Mo-2Fe and Ti-15Mo-5Zr alloys among Ti-Mo base alloys as shown in Fig. 1 , where the Mo equivalency was designed to be between 15.3 and 18.7 mass%. Note that the Mo equivalency, which is the ratio of the level of a given stabilizer to the one of Mo required for the same degree of phase stability, is useful parameter for evaluating the phase stability. [17] [18] [19] On the other hand, the corrosion resistance of titanium alloys is affected by various factors such as chemical composition and microstructure. [20] [21] [22] [23] Morishita et al. 20) investigated the effects of alloying elements on the corrosion resistance of various kinds of titanium alloys in both 10% HCl and 10% H 2 SO 4 , and concluded that the alloys containing the elements with the higher bond order (Bo) showed the lower active corrosion rate. Note that the Bo is a measure of the covalent bond strength between the titanium and the alloying element. 24, 25) Matsugi et al. 26) reported that a ratio of weight loss to initial weight obtained from the Ti-10Mo-2Fe deformation mode Slip Twinning Fig. 1 Changes in the yield strength (YS) and the uniform elongation (uEL) against the Mo equivalency in Ti-Mo base alloys, 16) showing that a combination of high strength and significant elongation can be achieved at the Mo equivalency between 15.3 and 18.7 mass% (solid marks).
immersion test for 21.6 ks in Na 2 SO 4 -NaCl molten salt at 923 K decreases with increasing the Bo in some þ and titanium alloys. These results indicated that an increase in the covalent bond strength between the atoms, i.e. an increase in the Bo, leads to high corrosion resistance of the titanium alloys. In addition, the present authors 27, 28) reported that the corrosion resistance of Ti-10Mo and Ti-15Mo alloys in the highly acidic solution at high temperature deteriorates by Fe addition, which is interpreted in terms of the Bo between 2.7900 and 2.8126. Although Ti-15Mo alloy with the Bo of 2.8126 exhibits the high crevice corrosion resistance, the alloy with the higher corrosion resistance is desirable to achieve on the basis of the Bo. Thus, the correlation between the corrosion resistance and the Bo is needed to further confirm in the alloy with a larger range value of the Bo.
Therefore, both of the Mo equivalency and the Bo should be considered to design the alloy for an optimization of strength, ductility and corrosion resistance. As shown in Fig. 2 16) the change in the crevice corrosion resistance has not been investigated in the case of an increase in the Bo of 2.8232, which is determined as the atomic compositional average of above-mentioned Bo values on the basis of the analyzed chemical compositions. In addition, the tensile property of the alloy with the larger Bo is needed to further confirm when the Mo equivalency is larger than that of 18.7 mass% as shown in Fig. 1 . Thus, Ti-15Mo-5Zr-1Fe alloy is also selected for this study with a Mo equivalency of 21.2 mass% and a Bo of 2.8209, which will be shown later ( Table 3) .
The aim of this study is to investigate the corrosion resistance in high chloride and high acidic solution at high temperature in Ti-15Mo-5Zr and Ti-15Mo-5Zr-1Fe alloys and the tensile property at ambient temperature in Ti-15Mo-5Zr-1Fe alloy, and to discuss an effectiveness for optimizing the strength, ductility and corrosion resistance by controlling the Mo equivalency and the bond order.
Experimental

Materials preparation
Ti-15Mo-5Zr and Ti-15Mo-5Zr-1Fe alloys along with Ti15Mo and Ti-15Mo-1Fe alloys 27) as the reference alloys were prepared by cold crucible levitation melting. Each ingot had 80 mm in diameter and 30 mm in length. Figure 3 shows a schematic drawing of the heat treatment for these alloys. The ingots were homogenized at 1273 K for 3.6 ks, hot forged at 1273 K into blocks of 60 mm (l) Â 60 mm (w) Â 40 mm (t), and then hot rolled into plates of 240 mm (l) Â 60 mm (w) Â 10 mm (t) at 1173 K followed by air cooling. The plates were cut into 40 mm (l) Â 60 mm (w) Â 10 mm (t) pieces and were solution treated at 1173 K for 3.6 ks followed by water quenching. The heat treatments were carried out in the air. The principal axes of the rolled specimens corresponding to normal direction (ND), rolling direction (RD) and transverse direction (TD) are defined as shown in Fig. 3 . The analyzed chemical compositions of the alloys after the solution treatment are listed in Table 1 .
Microstructural characterization
The specimens were mechanically polished and etched by using a solution of distilled water, nitric acid and hydrofluoric acid (100 : 3 : 2 in volume) and then observed by an optical microscope (OM). Transmission electron microscope (TEM) observations were performed by a JEOL-2000FX system operating at 200 kV. Thin foils were prepared by a twin-jet electro-polisher in a solution of methanol, 1-butanol and perchloric acid (10 : 6 : 1 in volume) at 228 K with a voltage of 20 V. A field emission scanning electron microscope (FE-SEM) equipped with an orientation imaging microscope was employed to conduct the electron backscattered diffraction (EBSD) analysis with a step size of 1 mm performed on a JSM-7001F system.
Corrosion test
The specimens were cut into 10 mm (l) Â 10 mm (w) Â 2 mm (t) pieces along the RD and TD of the plates for the corrosion test. The corrosion resistance was evaluated by using the electrochemical impedance spectroscopy (EIS). The EIS measurements were carried out in a water solution of 10% NaCl with a pH value of 0.5 at 370 K (hereafter referred to as the simulated crevice solution), which was used to simulate the crevice inner solution with high chloride and low pH. Note that the highest temperature of the solution in chemical plants is usually around 373 K because of the boiling point of the solution, specially the seawater. A platinum counter electrode and a saturated calomel reference electrode (SCE) were used to carry out the EIS measurements. The specimens used as the working electrodes were covered with epoxy resin, and then mechanically polished so that only one metal surface would be in contact with the simulated crevice solution after deaeration by argon gas. A frequency response analyzer (FRA) was used for the EIS measurements with an amplitude of 10 mV and a frequency range of 0.003 Hz to 20 kHz. The electrochemical impedance spectra were obtained in an open circuit potential (OCP) condition after the specimens were immersed into the simulated crevice solution at 370 K for 1.8 ks to reach the steady state condition.
Tensile test
The tensile specimens with a width of 4 mm and a thickness of 2 mm in the gage section with a length of 18 mm were cut by electric discharge machining along the RD and TD of the plates. The tensile tests were carried out at ambient temperature with a cross-head speed of 5 Â 10 À3 mm s À1 . Figure 4 shows the optical micrographs of Ti-15Mo-5Zr and Ti-15Mo-5Zr-1Fe alloys. The OM observations revealed that both alloys consist of phase with an average grain size of 100 mm, which is no significant difference compared to that of Ti-15Mo and Ti-15Mo-1Fe alloys. 28) Figure 5 shows the selected area diffraction (SAD) patterns. The presences of the phase are confirmed in both alloys. In addition, the diffraction spots for the athermal ! phase are clearly detected in Ti-15Mo-5Zr alloy as shown in Fig. 5(a) , while it becomes weaker and diffuse in Ti-15Mo-5Zr-1Fe alloys in Fig. 5(b) . This difference in the athermal ! phase between the alloys is caused by the different phase stability. Here, it should be emphasized that the effect of the athermal ! phase on the corrosion resistance is thought to be small as mentioned in the previous study 27) since the chemical compositions of the athermal ! phase are the same as that of the phase. Figure 6 shows the electrochemical impedance spectra of Ti-15Mo-5Zr and Ti-15Mo-5Zr-1Fe alloys along with Ti-15Mo and Ti-15Mo-1Fe alloys and commercially pure titanium Grade 2 (CP Ti). The electrochemical impedance spectra are used to investigate the effect of alloying elements on the corrosion resistance of the passive film against the crevice attack. Figure 6 (a) and (b) shows the changes in the impedance and the phase angle with the frequency, respectively. Each spectrum of Ti-15Mo-5Zr and Ti-15Mo-5Zr-1Fe alloys like those of Ti-15Mo and Ti-15Mo-1Fe alloys indicates two corrosion resistance components and one capacitance component. As shown in Fig. 6(a) , the impedance in the high frequency region from 1 to 20 kHz reflects the solution resistance, and the one in the low frequency region from 0.003 to 0.01 Hz reflects the passive film resistance. 8) On the basis of Fig. 6(b) , the spectrum of Ti15Mo-5Zr and Ti-15Mo-5Zr-1Fe alloys shows one capacitance at around 30 Hz, while the one of the CP Ti shows two capacitances at around 0.06 Hz and 30 Hz, respectively. Note that the capacitance in the high frequency region at around 30 Hz is the passive film capacitance, and the one in the low frequency region at around 0.06 Hz is the double layer capacitance, which corresponds to the active condition.
Results
Microstructure
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8) The high impedance value in the low frequency region and the passive film capacitance indicate that the alloys are passivated and exhibit the high corrosion resistance under the severe environment of high chloride and high acidic solution at high temperature; however, the active dissolution of the CP Ti occurs under the same environment. Although all the alloys can be kept in the passive state, the different impedance values in the low frequency region as shown in Fig. 6(a) indicate that the alloying elements affect the corrosion resistance. Note that the higher impedance indicates that the passive film formed on the alloy is more stable and the alloy has the higher corrosion resistance. To evaluate the difference quantitatively, the average impedance was obtained for each alloy in a low frequency region from 0.003 to 0.01 Hz and listed in Table 2 . The Ti-15Mo-5Zr and Ti-15Mo-5Zr-1Fe alloys exhibit higher impedance of 3584 and 3482 cm 2 , respectively, than that of 2029 and 1785 cm 2 in Ti-15Mo and Ti-15Mo-1Fe alloys, respectively. The Ti-15Mo-5Zr alloy shows the highest value among the alloys. Figure 7 shows that the change in the average impedance against the Bo in Ti-15Mo base alloys along with the CP Ti. Since the largest Bo of 2.8232 among the alloys, Ti-15Mo-5Zr alloy shows the highest corrosion resistance. In addition, the Ti-15Mo-5Zr-1Fe alloy shows the higher corrosion resistance since the Bo of 2.8209 is larger than that of 2.8126 in Ti-15Mo alloy, although the corrosion resistance is slightly lower than that of Ti-15Mo-5Zr alloy. Figure 8 shows the nominal stress-strain curves of Ti15Mo-5Zr-1Fe alloy along with Ti-15Mo-5Zr alloy. Although the flow stress level is similar, Ti-15Mo-5Zr-1Fe alloy exhibits a significantly different shape of the stressstrain curve compared to that of Ti-15Mo-5Zr alloy. Table 2 lists the tensile properties of 0.2% proof stress (YS), tensile strength (TS), uniform elongation (uEL), total elongation (tEL) for Ti-15Mo base alloys and the CP Ti. The Ti-15Mo-5Zr-1Fe alloy shows a high yield strength of 800 MPa and a large total elongation of 21%, which are comparable to those of Ti-15Mo-5Zr alloy. On the other hand, Ti-15Mo-5Zr-1Fe alloy shows the uniform elongation of almost 0% Ti-15Mo-5Zr-1Fe alloy. The zone axis is parallel to ½011 . Ti-15Mo-1Fe Ti-15Mo-5Zr Ti-15Mo-5Zr-1Fe (b) Fig. 6 Electrochemical impedance spectra of Ti-15Mo-5Zr and Ti-15Mo-5Zr-1Fe alloys along with Ti-15Mo and Ti-15Mo-1Fe alloys and the commercially pure titanium Grade 2 (CP Ti) 27) at an open circuit potential condition in a water solution of 10% NaCl with a pH value of 0.5 at 370 K. (a) impedance and (b) phase angle. Table 2 Corrosion resistance for the average impedance (R t ) in a low frequency region from 0.003 to 0.01 Hz, and tensile properties for 0.2% proof stress (YS), tensile strength (TS), uniform elongation (uEL) and total elongation (tEL) in Ti-15Mo base alloys and the commercially pure titanium Grade 2 (CP Ti).
Tensile property
Ref. like Ti-15Mo-1Fe alloy, while Ti-15Mo-5Zr alloy has the value of 10%. Figure 9 shows the microstructures of the specimen after being deformed to a tensile strain of 4.0% in Ti-15Mo-5Zr-1Fe alloy. As shown in Fig. 9(a) , the slip traces are clearly observed in the grains without the f332gh113i twins from the optical observation. The EBSD inverse pole figure further confirms that the mechanical twins are absent in this alloy as shown in Fig. 9(b) . These results indicate that the deformation in Ti-15Mo-5Zr-1Fe alloy is dominated by the dislocation slip to result in the high strength and negligible uniform elongation like previously reported in Ti-15Mo-1Fe, Ti10Mo-3Fe and Ti-10Mo-5Fe alloys. 27, 28) 
Discussion
The previous studies 27, 28) investigated the crevice corrosion resistance in the high chloride and high acidic solution at high temperature in Ti-10Mo and Ti-15Mo alloys with Fe addition, and found that the corrosion resistance decreases with decreasing the Bo when the Bo is between 2.7987 and 2.8126 as shown in Table 3 . This study further investigated the corrosion resistance in Ti-15Mo-5Zr and Ti-15Mo-5Zr-1Fe alloys with the larger Bo from 2.8126 to 2.8232, and found that corrosion resistance increases with increasing the Bo.
Note that a direct comparison of the corrosion resistance becomes difficult between Ti-15Mo base alloys and Ti-10Mo base alloys since the measured impedance by the EIS is sensitively affected by many factors such as different Ti-15Mo-5Zr
Ti-15Mo-5Zr-1Fe
Ti-15Mo
Bond order, Bo Average impedance, Z/Ωcm Ti-15Mo-5Zr-1Fe solution, measurement condition. Here, it is needed to emphasis that Ti-15Mo alloy as a reference material was used not only for experimental series of Ti-15Mo base alloys but also for the one of Ti-10Mo base alloys. Therefore, in the present study, the average impedance of each alloy in a low frequency region from 0.003 to 0.01 Hz was normalized by that of Ti-15Mo alloy. Table 3 provides the normalized impedance of the alloys. Figure 10 shows the change in the normalized impedance against the Bo. Consequently, a linear correlation between the corrosion resistance and the Bo is obtained in the alloys with a large range value of the Bo between 2.7900 and 2.8232. In addition, when the Bo increases from 2.8126 to 2.8232, the corrosion resistance in Ti-15Mo-5Zr alloy is almost twice as high as that in Ti-15Mo alloy.
On the other hand, the present authors 16) reported that the change in the tensile properties in Ti-Mo base alloys with the Mo equivalency from 10.3 to 24.8 mass% (Table 3) , and found that a combination of high yield strength and significant uniform elongation can be achieved when the Mo equivalency is between 15.3 and 18.7 mass% as shown in Fig. 1 . This study further confirmed the tensile properties when the Mo equivalency is larger than 18.7 mass%, i.e. high strength and negligible uniform elongation, by using Ti15Mo-5Zr-1Fe alloy. Although the high corrosion resistance and high yield strength, Ti-15Mo-5Zr-1Fe alloy shows the negligible uniform elongation. As mentioned in Section 1, Ti-15Mo alloy shows the high corrosion resistance and large uniform elongation, but the low yield strength. In addition, Ti-10Mo-2Fe alloy shows a combination of high yield strength and significant uniform elongation, 16) while its corrosion resistance could be lower than that in Ti-15Mo alloy, although the corrosion test was not carried out. Here, it is should be emphasized that Ti-15Mo-5Zr alloy shows the high yield strength, significant uniform elongation and high corrosion resistance. Therefore, two parameters of the Mo equivalency and the Bo would be useful to optimize the strength, ductility and corrosion resistance.
Summary
The crevice corrosion resistance in the high chloride and high acidic solution at high temperature in Ti-15Mo-5Zr and Ti-15Mo-5Zr-1Fe alloys and the tensile properties in Ti15Mo-5Zr-1Fe alloy were investigated in this study. It can be concluded that the crevice corrosion resistance linearly increases with the Bo from 2.7900 to 2.8232 in Ti-Mo base alloys. A good combination of strength, ductility and corrosion resistance is obtainable when the Mo equivalency is designed to be between 15.3 and 18.7 mass% and the Bo is higher than 2.8126 of Ti-15Mo alloy. 
